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ABSTRACT

analysis of three atmospheric phenomena (squall line
over the Gulf of ifexico on 9 April 1984, Hurricane Kamisy in
the Indian Ocean 7-12 April 1984, and the Nauna Loa volcano

smoke plume, Hawaii 7-12 April 1984) is perfored using
handheld-camera photographs from the Space Transportation

System (STS) 41-C mission (6-13 April 1984). High resolution

color photographs taken of the earth from the Space Shuttle

Challenger were made available from the Natioal Aeronautics

and Space Administration (NASA) through the Space Shuttle

Earth Observations Project (SSEOP).

Ccajarison is made to collocated meteorological sdtel-

lite images (DSP, AVHRR and GOES) and conventional meteoro-

logical data to illustrate the advantages and deficiencies

of these new high resclution photographic data.
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1. INTRODUCTION

The availability of continuous satellite images of the

Earth has brougLt the science of meteorology to a new era.

Since the introducticn of orbital satellite imagery in 1960,

a wealth of new data have been presented to the meteorolo-

gical forecaster and researcher for consideration.

Although not without limitations, these weather satel-

lites achieved what was previously impossible: the first

visible-image time series of developing storms, precisely

defining horizontal scales of motion. They illustrated the

dynamic interactions of large-scale weather systems, located

favored areas of genesis and dissipation and provided

coverage for the data-sparse oceanic regions. Today they

* continue to be one of the most useful aids to the fore-

caster, aad one of the most important data sources in meteo-

.- rological research.

" cwever, there are limitations on the usefulness of

o meteorological satellite imagery. Spatially and temporally,

* satellite coverage of the Earth is quite inflexible. Areal

coverage is precisely determined and not readily changeable.

As a result, interesting phenomend near or just beyond their

* boundaries will either be poorly defined due to distortion

or lcst completely. Necessarily cigid time scheiules

iroduce images that may completely miss weather features

with short (less than 30 min) life cycles. Finally,

circling the Earth at altitudes up to 4,000 kin, the meteo-

zoloyical sate'lite simply car.not offer the image resolution

necessar4  for accurate representation of small cloud

elements aLd detailed cloud structures of mesoscale and

synoptic systems.

I '. . . " " • " '. .' " ., " .. '''"" " ""' ,. . . . , .'.'.',-.-. ' " .. ' ""''''''''- . . , ' . . " ... ,'..2
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Thus it is within this context that one must judge the

usefulness of high-resolution photography from space. From
its earliest beginnings in the HIercury, Gemini and Apollo

missions, photographic images of the earth from a space
platform have given scientists a perspective unavailable by
any other means; a vitally important perspective that allcws
direct observation of features previously noted only in
laboratory experiments. As one example, Chopra and Hubert
(1969) found wake waves in stratus clouds formed in the lee

of islands to be a quantitative analog to the vortex streets
formed behind a solid cylinder comparable in size tc the

* islands. For another, Black (1979) noted the similarity of
. classical wave reflection from a boundary to the atmospheric

- wave patterns found in fog on the coast of Nova Scotia.

Manned space flight has introduced an extra dimension to

, obtaining interesting Earth images. Huaan judgement does

* away with predetermined camera angles and rigid time sched-

. ules. Human observers can point cameras wherever they wish,
and choose to photograph or not at their discretion.

Utilizing the photographic equipment on board every space

* shuttle flight, large-scale events can be captured with a

. wide-angle lens, and a telephotographic lens can pinroint

sm4il'er-scale phenomena that would otherwise never be

". noticed.

The product itself is superior to satellite iaagery by

several criteria. The addition of color enhances sabtle
textural variations tc provide a three-dimensional effect in

* many of the photograpbhs, making it easier to judge shape and

spatial relationships between cloud masses.

* Stereophotoyraphy can provide important quantitative results

in determining vertical scales of motion to a degree of

- accuracy unobtainable with radar or infrared (IR) satellite

images. And lastly, sharply increased spatial resolution

allows the cameras on board the current space shuttle

12



missions to resolve many detailed events on the order of

tens to hundreds of meters.

The last of these advantages primarily results from the

difference in orbital altitudes between the manned space

platfcra and unmanned satellites. Meteorological satellites
orbit at approximately 850 to 40,000 km above the Earth,

compared to normal shuttle altitudes of 200 to 500 km.
Conseguently, while most satellite images from the

Geostationary Operational Environmental Satellite (GOES)

System, the United States Air Force Defense Meteorological

Satellite Program (DRSP) and the Advanced Very High

Resolution Radiometer (AVERR) instrument on the TIROS-F

satellite have a maximum resolution on the order of 1 km
(and many of their products are restricted to features of
several km size), the shuttle cameras on Space

Transportation System (STS) 41-c mission, which produced the
photographs in this thesis, had as their maximum ground

"-" resolution a fraction unier 20 a (see Table I).. Note that

the figures in this table refer to a near-vertical orienta-

tion of the camera to the Earth's surface.

. In the past, photography from space has yielded impres-

sive results. In 1974, the 84 days of the Skylab mission

alone produced a scientific goldmine. In the words of Gerald

P. Carr, Commander of Skylab 4;

I think that we havq discove ed a new national
resgurce. Tith better equipment an . more sop histicated

* training, space observers can capitalize on their initi-
ative, . iscrimination and judgement to obtain informa-
tion o etter understand and nanaje our environment and
to conduct Zarth science experiments from space. Cur 84
da-,s in space...rewarded us with many spectacular scenes
such as the luminescent red, blue and green plankton
blocms in the intertwining ocean currents off the coasts
o.E Argentina and New Zealand and the variety of shapes
aald colors that define agricultural patterns in many
countries.... We rhotographically recorded the eruption
of the volcano Sakura-zima in Japan and the vast extent
of red dust clouds generated from the Sahara....

When one realites the vastness of the Earth, the
* complex interrelaticns of oceans, land and atmosphere

and the abundance cf information required to understanA
and manage our environment, it is obvious that...man

a. 13
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will play .n important role in the datagatherinq and
interpretat on phase of a total space system. lCarr,
1977)

From data gathered in those 84 days, the meteorological

gains by themselves were outstanding: stereophotographs were

used to determine heights and relationships of multilayered

clouds in frontal systems (Skillaan and Shenk, 1977); Karman
vortex streets were examined and relationships established

between them and crographic influences, stability and
surface wind velociti (Fujita and Tecson, 1977) ; and clues

for anticipating developing cyclonic systems were uncovered

from examining cloud streets and their occurrence in

conjunction with an unstable environment and strong low-

level wind flow (Pitts, et al, 1977). In addition, persis-
tent convective overshoot regions and convective waves were
identified in developing tropical storms. Photographs of
mature tropical storms supported a theory postulating the
existence of outward-tilted eyewalls (Black, 1977).
CvershootiLg convective turrets, internal gravity waves and

* transverse wave have all been identified as part of the
small-scale dynamics of tropical storms--all due to the

*extremely high resolution and other unique features cf hand-

ield Fhotography fro space.
Peter G. Black, a pioneer in the use oZ space photog-

*: raphy for meteorological analysis, sins it up v*ry well in a
comment on his study of tropical stores: "lanred srace
flight offers a unique opportunity to otserve tropical

storus. TTe combination of human judgement and an
* Zarth-ortiting platfcrm onables off-track observations of

tropical storms that could not be accomplished by cther
meaLs. The ability tc resolve small-scale features... ar to
obtain stereopair Fhoto~raphs is unp.aralleled by ether
observational techniques." (Black, 1977) Shuttle photographs
are giving as unique views of commonplace meteorological

14~



phenomena. Ind, in some cases, they are our only view of

extraordinary events.

'The gcal of this thesis will be to use this high-

resolution photography to more accurately interpret the

routine satellite images availakle from the TIROS-N, GOES
and DRSP meteorological orbiting satellites. In the three
case studies to follow, I will point out the corrections and
refinement of detail that can be made to previous analysis
techniques applied to satellite images, and the value the
use of these products will be to the teaching, forecasting,

and research meteorologist.

%**.~ ~ 4. , 6*',s
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The aquisition of earth images by photography from space

is organized by the Space Shuttle Earth Observations Project

(SSEOP). It does not have the status or the mandate of

other scheduled data-gathering experiments on the space

shuttle, in that there is no set time of performance or, for

that matter, any rigid requirement for the astronauts to

complete any part of it. The entire project relies on the

cooperation and the enthusiasm of the crew of the shuttle,

to take time out from an exhausting schedule whenever

possible to make photographs of terrestrial features of

interest to scientists on the ground. Still, training ani

preparation for this undertaking are juite extensive. Basic

photographic techniyues must be learned, as well as the

difficult art of identifying noteworthy physical features on

the earth. The latter is not as easy as it may sound.

Shuttle astronauts must be able to locate and identify

features on the ground when passing over them in inverted

flight, at high speed and peering through a relatively small

window, sometimes with no reliable indication of which

directior is north or south. Briefings in geology, oceanog-

raphy and meteorology, in addition to reviews of previous

manned-orbital photcgraphy play an important part in

learning the reconnaissance cues vital t3 good performance

of this role.

Peal-time input to the shuttle crew is made by project

scientists to direct the astronaut's attention to current

areas of interest. Features especially sought for photo-

graphic study include hurricanes and other major storms,

volcanoes, extreme pollution esrisodes, floods, ice and

fires. After the ccnclusion of the flight, the film is

16
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processed and cataloged by the National Aeronautics and

Space Administration (NASA).
All of the photographs used in this thesis were a

product of the STS 41-C mission, in which the Space Shuttle

Challenger (OV-099) completed 107 orbits in the time from

liftoff at 6 April 1984, to landing seven days later on 13

April (see Table I ). Nominal altitude for the first 16

orbits was 125 n mi, after which altitude was increased to

269 n mi in support of the Solar Max Repair Experiment.

The photography equipment used on this mission included

two EASA-moeified Hasselblad 500 EL/M 70-am zameras (Fig.

* 1), equipped with Zeiss 50-ma Distagon C4.0, 100-mm Planar

• .C3.5 and 250-mm Sonnar C5.6 lenses, and one NASA-modified

linhof Aero Technica 45 camera. The observations in this

thesis are limited tc the products of the 70-am Hasselblad

cameras exclusively. Kodak Ektachrome 64 Professional 6017

2fil was used. Ground resolution and ground coverage of

these phctographs (for angles near vertical) are presentel

in Table I The extreme resolution afforded the astronauts by

these cameras made tlem uniquely Lualified to capture small-

?. scale (100 to 1000 m) events that had not been seen in such

detail before this time.

Most of the photographs were taken through the overhead

* windows (Fig. 2). There are some obvious limitations to

this method of obtaining photographs. First, taking an"'

photogra*h through a glass surface (like the orbiter's

window) introduces a chance of reflections degrading the

. quality of the photograph. The construction of the shuttle's

windows make this almcst an inevitability: the three janes

of glass iii each of the exterior windows have a total thick-

ness of a-proximately ten inches. Indeed, in several of the

frames, a clear reflection of the interior of the cockpit is

discernable. Second, although there are several windows

available for observations, not all viewing angles are

17
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easily accessible at all tines. Third, the space inside the
cockpit is severely limited. Having several pieces of
photography equipment to store and manipulate in such a
confining slace can cnly add to the workload of the astro-
naut. Since this program can only be conducted on a "target

of opportunity", "time of opportunity" basis, anything that

makes it easier and less time-consuming for the shuttle's

occupants to bring us these fascinating products should
become an item of high priority.

The case studies to follow include a squall line, a
hurricane and two active volcanoes. Each takes advantage of

the shuttle's unique cbservational ability to record infor-

mation that could not have been obtained from any ether

source, and does it in a way to prove the value of the

program to the entire meteorological community.

18



& III. ill QZ HIZIC Soon;, LIE

A. INTRODUCTION

On 9 April 1984 a line of intense thunderstorms formed

along a cold front traversing the state of Florida and the

*. rorthern Gulf of Mexico. This line was part of a massive

cyclone that stretched from the Great Lakes to the center of

the Gull of Mexico. The passage of the squall line through

Florida was accompanied by several tornado sightings and one

instance of severe hail (see Fig. 3) on 9 April alone. On

. that day, the Space Sbuttle Challenger (STS 41-C) made three

* passes over the Gulf (see Fig. 4), capturing on film a

- detailed study of the structure of this squall line.

There are several limitations on our ability to jro~erly

analyze these photographs. On this mission, unlike following

shuttle flights, a system had not been installed as yet to

record the precise time a particular photograph had been

taken. Even with a knowledge of the shuttle's route across

the face of the Earth, unless identifying land marks are

found in in the photograph, a precise location cannot be

established for any feature of interest (Ll-3az, et al,

o.. 1979; 3aul and McCaslin, 1977). The time assigned tc each

S-'photogrdph was estimated by comparison to the shuttle's

ground track and gecgraphical area. Determining viewing

* angle is also somewhat of a challen~e in many instances.

Unless distinct shadowing is present and solar zenith angle

is kncvn (another function of time of day but here a gross

approximation will suffice), even properly identifying the

. four cardinal directions becomes difficult (Terry, 1979).

" And without necessarily accurate timing data, it also

becomes nearly impossible to construct useful stereopair;,

19



necessary for quantitative results (Black, 1977) . Since this

mission (STS 41-C), equipment has been procured tc ensure

that every negative is imprinted with its exact time of

exposure. Lacking still is any method of determining viewing

angle relative to a vertical axis from the Earth. This

precludes accurate determination of ground coverage in the

photograph and properly establishing a sense of perspective

when viewing individual features. Also, many of the figures

included in this thesis are black-and-white copies cf the

shuttle photography, reduced in size to fit NPS thesis

format. Some of the fine detail and small-scale phenomena

are unfortunately not clearly shown in the black-and-white

format.

B. SYNOPTIC OVERVIEU

The synoptic data corresponding to the time of the fizst

photograph illustrate a classic setting for severe thunder-

storm development alcng the Florida Gulf Coast. Fig. 5 , a
1200 GM.T surface chart for 9 April 1984, shows that the

surface winds ahead of the front are from the south, forcing

a warm, moist maritime tropical air mass to converge with

the ccoier, drier northwesterly flow behind the front.

Scundin~s from cpposite sides of the front further

- illustrate the synoptic situation. In Fig. 6, the sounding

from Boot~ville, Louisiana at 1200 GMT shows a typical

exaiale of the dry, stable continental air mass to the west

-. of the cold front. It also provides a source for the mid-

.evel (around 11,000 ft) intrusion of dry air seen oa the

" Tampa Bay, Florida sounding in Fig. 7. This feature adds to

-% the severe storm potential indicated in the Tampa scunding.

• As seen in rig. 7, lampa had a nearly saturated layer np

" to 11,000 ft, and aLove that a Jry layer characterized by

dewpoint depressions in excess of 25 deg C. Calculating
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stability indices for this sounding gives a value for the

Showalter's Index of -4.5, a Best Lifted Index of -6.5, and

a SWEAT Index of 448. The tropopause level is 37,000 feet

(215 ub).

An inversion, marked by wind shear (216 deg at 25 kt

-* near 10,000 feet tc 252 deg at 51 kt just above 13,000

ft), and a pronounced temperature and humidity change,

very likely contributed to the potential instability of the
-" area. It serves to prevent deep convective overturning so

*that the air below kecame progressively warmer and more

* moist, while above the inversion conditions became drier and

* cooler. Under these conditions, potential instability would

grow until some mechanism removed the inhibitin4 inversion.

Several possible "mechanisms" were present. The

approaching cold front, a fast-moving (20-30 kt), organized

. field of vertical motion, would certainly have been suffi-

- cient. Secondly, the arproaching line of thunderstorms ahead

-" of the cold front could have produced enough turbulence to
overccme this relatively weak feature. The next considera-

tion would Le surface heating provided by local sunrise, but

perhaps this mechanism should be discounted. Convective

- activity in the Gulf, as evidenced by GOES images for the

. 9th, had teen occurring throughout the night of 8 April a4,

and tegan tto develop into an organized band of severe storms

-* between 1600 and 0800 GMT (not shown).

Of primary importance Lor the triggering of convective

ani potential instability in this synoptic situation is the

pattern of intersecting upper an.1 lower-level jet streams

" (Shaeiro, 1983). Frcn the surface chart (Fig. 5), 500 mb

(Fi.j. 8), 300 mb (fig. 9), 200 mb (Fig. 10), and 100 mh

(Fig. 11) charts, we see the existence of an apper-level

jet with a southern edge at 23N, and maximum winds centered

at 26W. It crosses a weak surface jet parallel to the front

as in Fig. 12a (Shapiro, 1983). Vertically, the maximum
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winds in the upper jet appear at 200 ab, falling off sharFly

4 above that level. A gradual decrease in jet intensity is

seen at 250 ab and 300 ub, corresponding very well with the

illustration in Fig. 12b (Shapiro, 1983). ]

By this jet configuration, a deep narrow plume of

ascending motion is Eroduced by the vertical alignment of

the upper and lover circulations. The thermal lapse rate is

substantially destakilized by the differential motion

between the upper and lower fronts, producing a layer of

convective instability. Satellite analysis (see Orbit 47)
shows the squall line to follow this synoptic model closely.

C. ORBI 46

The first photograph in this 'series, Fig. 13, was taken

at approximately 1208 GMT (0708 local) with a 100-ma lens.

*' The land mass of Florida is barely discernable behind the

squall line in the tcl left corner of the picture. A 1031

GMT GCES image (Fig. 14) is provided for the reader to sense

the orientation anti extent of the line of thunderstorms. 'he

. shuttle is about to cross the line of storms, approaching

from the west on orbit 46 (see Fig. 4).
In the photograph, individual cells of fair-weather

cumulus are visible in the cold air behind the front, in

-" sharp contrast to the relatively disorganized stratus on

Loth sides of the sjuall line, at the base of the taunder-

storms. -he low-level thunderstorm outflow is made appar~nt

*by the organization fcund in this cold-air cumulus. lines of

small cuaulus extend perrendicularly from approximately 40

ka r c the base of the squall to approximately 64 km. They

end in a clear zone that has as its border siailar lines of
camulus parallel to the squall. Here, apparently, the cold

air moving in behind the front is encountering the thunder-
stor outflow, suggesting a secondary line of convergunce
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parallel to the front. It is unclear whether the squall line
has formed along the frontal zone or in the warm air ahead

of the cold front, creating its own 'pseudo-cold front' by

virtue of intense low-level outflow. Analysts have posi-

tioned the front more than 50 n mi behind the line of storms

(see Fig. 5), but close examination of surface data, ship

reports and buoy data failed to provide enough clues for

precise positioning.

An unusual feature of this photograph is the apparent
direction of movement of the cirrus deck spreading from the

thun.erstors anvils. It appears to be spreading in two

directions: one, along with the mean upper-level flow; and

. another, at nearly right angles to it. This is observed on

the left side of the photograph, near the largest convective

turrets. The mean flow in this case is directly froa west to

east.

This and other features tend to support a particular

concept about severe storms that postulates a slope in their

vertical development. 'oist, unstable air is depicted as
feeding the storms along their forward edges, rising and

sloping touard the backs of the storms, away from the direc-
tion of movement (see Fig. 15). The sloping updraft in this
model would tend to cause the highest towers to emerge near

the rear edge of the storms. This structure is seen iL the

photograph in Fig. 13 (Zipser, 1977; Kropfli and Miller,

1975).

Rising through the cloud in this manner, the updraft is

sheltered from direct mixing with dry environmental dir,

which would diminish its buoyancy. The intruding dry, mid-

:evel jet is the drawn into the precipitation shaft produce.

by tie sloping updraft, cooling the downdraft by evaporation

an contributing to its downward velocity. This structure

would also tend to form a small extension to the anvil not

corresponding to the direction of the mean flow at that

23



U~j L ,r . . I t o._" _ . .. - -~- . - '.7 -7 ___ ; . _ V . ___W

altitude, but resulting from the horizontal directional
component of the sloring updraft as it meets the tropopause.

Ground resolution of approximately 110 a in a near

vertical view (see Table I), allows us to pi-k out indi-
vidual convective turrets in the s,-uall line. An oblique sun

angle provides distinct shadows that outline the circular,

stepwise intrusion these thunderstorms make into the tropo-

pause. Knowing the tropopause height (1200 GMT sounding and

radar returns from TBI indicate approximately 37,000 ft),

and the scale of tbe ground coverage with a 100-mm lens

(293.4 km x 293.4 km for a near vertical view) makes it
possitle to roughly estimate the height of various cloud

layers using cloud shadows to determine vertical depth. In

this photograph, the western edge of the stratus has a meas-

ured height of apprcximately 8,003 ft. The stratus turns
into stratocumulus near the base of the thunderstcrms and

deepens to an estimated 14,000 ft. The thunderstorm anvils
stretch another 24,000 ft above this layer, to a total

cloud heicht of 38,000 Lt. This corresponds to the levels

iLdicated in a later GOES enhanced 1R image, Fig. 16 (to
be discussed in the next section, Orbit 47). But the photo-

graph Las the potential for far greater accuracy on small

scales. IR images give approximate layer height, based or.

temperature. In the shuttle photograph, small ,erturbations

of a cloud deck can be noted, and assigned a value distinct

frou the mar cloud layer. The overshooting tops seen at

the ncrthern end of the line correspnd to a 1223 I' TBF

ralar report of max tops of 44,000 ft. Froma shadowing they
aiJpear to be approximately 4,000 ft above the top of the

cirrus, for a total height of 42,000 ft: a close correlatior

to data from otLer sources (GOES !R, radar).
At low levels a several-miles-wide band of stratocumulus

*'. is visihle at the base of the thuLderstoris on their wester'i

. sil. it appears that a meso-high is being formed at the
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base of the storms by the hydrostatic effect of the cold air

downdraft, capping this intensely convective area with a

stable layer extending for perhaps 50 kilometers from the

squall line. This stable layer would explain some unusual

phenomena seen in later photographs. Interestingly, if Fig.

5 showed a true location for the surface front, it would

correspond very closely with the sharp line of the back

edge (westerly side) of that stratus.

D. ORBIT 47

About one and one half hour later (94 min orbital

period), the shuttle Fassed over the Gulf in its 47th orbit.

The synoptic situation had changed little: the Tampa _ay

radar image at 1340 GFT (Fig. 17) and the log entry for 1330

GM.T show that the squall line's movement was still east to

north.ast at 20 to 30 kt, the maximum top to the cumulo-

nimbus within radar range was still 44,000 ft and the

orientation of the line was unchar.ged. The only difference

appears to be that the entire line had moved closer to

-ampa.

lowever, Fig. 18, a 1331 GMT visible light GOES image of

2 ki resolution (at satellite subpoint) , shows that the

line had gained considerable organization and depth. It

shows a distinctive wedge shape over the Gulf, and the back

edge of tLe line is straighter and more fillel-in. At its

southernmost tip a thin line of convec-tion stretched several

tens of miles to the southwest, pointing out the weakening

instabiltv of the area to the south. This could be seen as a

indication of a weakening front, but the location o2 the

traLsition from deep convectior to shallow cumulus ccrre-

sponds very closely with the upper-level jet core noted

previcusly (located at approximately 26N). In this imaye

most of this line cf shallow cumulus appeared as a solid
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streak of white, with a few of the layer cloud elements

appearing separately as brighter white "blobs".

Shadows produced by the early morning sun (0831 local

time) help to give some detail to the vest side of the

squall line, but this solar angle also serves to "wash out"

some of the features in the center and on the east side.

Apart from the generally textured appearance of the clcud

tops, a single large thunderstorm top can be picked out

along the back edge of the squall line approximately 80 n mi

. from the southern tip of the line. From the image itself,

little other information can be gained, but comparison with

- ~ Tampa's radar report of 1340 GET (Fil. 17) shows this area

- corresponding to a 44,000 ft to?, 114 u mi frow Tampa dt 260

deg. This top overshoots the surrounding area by approxi-

mately 7,000 ft.

An enhaL-ced infrared GOES image (Fig. 16) yields rougiil,

the same information as the TBW radar. Ile can correlate the

thunderstorz top in Fig. 18 to a pure black shaded area in

this enhanced IS image. This shading in the ,lB' eLhancement

scale indicates a temperature razge of -53 to -62 deg C.
Peferring to the 1200 GHT 9 April 1984 Tampa Bay sounding

: in Fig. 7, -62 deg C occurs at a height of approximately

42,000 ft, only slightly less than the radar report. 7he
• surrounding area, in a dark gray shade, indicates a tempoera-

ture range of -52 to -c8 deg C, or roughly 36,000 to 3S,000

*. ft, which matches clcsel' an estimate of tropopause height

of 37,OOC ft made frcm the Tampa Bay sounding. As a result,

- the combining of these two images yields a good idea ol

larte-scale structure and the rough locations and heighits of

its largest features.

A good example of the value of photography from s ace is

the interpretatioL of the indentation in the cloud mass w

see on the eastern side of the s-uall in this figure. It

appears just to the routh of the black area signifying the
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highest cloud tops. .Re would normally interpret this as an

area of lower cloud heights, induced by subsidence

surrounding the massive updrafts in the thunderstorms. But

infrared imagery has a shortcoming in this regard: it is

impossible to tell from this image alone whether the cloud

layer is at a lower altitude, or whether it is a thin cirrus

deck that the IR sensor simply looks through (to a warmer

*. environment below). Even the visible image in Fig. 18 does

.- not conclusively answer the question.

Figs. 19 and 20 are shuttle photographs taken at 1338

GMT with a 100-mm lens. Taken only seconds apart, they offer

both an oblique and a nearly vertical view of the same

developmental stage cf the squall line. A massive convective

turret is visible (two hours later this thunderstorm will

reach almost 50,030 ft), as are finely-detailed wave

* patterns in the low-level clouds. An interesting feature of

Fig. 19 is the pattern in the low-level clouds found far

*: ahead of the squall. Cuba is just visible in the top right-

hand corner, and stretching from this island almost to the

squall line itself are several sharply-defined cloud

, streets. These imply strong (20 to 30 kt) low-level flow

" into the line from the south, starting more than 100 n mi

from the thunderstorms: an important contributing factor to

. the maintenance of strong convective activity.

This conclusion is supported by the surface reports ani

buoy data shown in Fig, 5, a 1200 GMIT surface chart of the

southeastern U.S. and Gulf of Mexico. In particular, buoy

42003, located at 26.ON, 85.9W, showed winds of 26 kt at 190
"" eg close to the forward edge of the s-uall line. Cloud

streets are discernable in the GOES image (Fig. 18), tut

- the degree of quantitative information we can derive from it

is limited. A number of these cloud formations simply disap-

pear in the GOZS image, and those that can be seen have less

visible length than their counterparts in the photograph.
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The smallest cumulus at both ends fade away because their

relatively small size (less than two km across) can't be

resolved. Analyzing these cloud streets should yield infor-

nation on the direction and intensity of the low-level flow

ahead of the squall line. The precise information this

photograph gives us may become an important tool in the

hands of meteorologists attempting to forecast the intensity

of Florida squall lines.

Fig. 21 was taken on the same orbit as Figs. 19 and 20,

but with a 250-mm lens that provides a ground resoluticn of

approximately 43 s. Shuttle crientation is to the west of

the squall line, and it continued on to pass directly over-

head. In this we can distinctly see thin cirrus on the east

side of the overshooting top, and even have some impressions

of the lower cloud deck the IR sensor is seeing through the

cirrus. This is not the only demonstrable advantage of the

shuttle photography. Fine wave patterns, invisible in the

GOES products, are cbservable in the stratus and stratocu-
mulus that extends outward from the base of the -hunder-

storms. The waves propagate along the stable ldyer

appareLtly provided by the meso-high, in an apparently

incoherent pattern influenced by interference and convective

turbulence.

Gravity waves have been observed in cyclonic systems for
some time, but their crigin, maintenance and dissipation, as

well as their interaction with larger scales of motion, are
not well understood. That their occurrences are linked to

intense ]recipitaticn events, however, is generally

accepted, as is the necessity for a lower tropospheric

stable layer to serve as a propagation channel. Both of
these factors are present in this case.

At upper levels we can pick out the wind direction by

the cirrus outflow pattern: west-sauthwest. The same immense

convective turret (as seen in Figs. 19 and 20) can he seen
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breaking through the tropopause in the center of the photo-

graph. It appears as a series of rising plateaus on its

southern side, sloping down done-shaped on the north. The

extreme detail of this photograph gives it a three-

dimensional appearance, enhancing our sense of proportion

when comparing one cloud feature to another. None of the

separation of cloud layers, or of the small-scale (less than

1 km wavelength) wave patterns in the stratocumulus are

visible in the GOES products. Of interest is the deep cleft

' in the squall line just to the south of the huge over-

shooting top. Possibly caused by induced subsidence around

" the deep convection, it is an identifying feature in both

- the GOES images and these photographs. An important differ-

ence is that in the photograph cloud detail is visible even

within the shadows of the cleft. Just visible in the upper

left-han! corner is another cleft, and a series of ridges

leading upward to ancther overshooting top. This is the tol,

identified in radar reports and in the IR GOES image (Fig.

16) as reaching 44,000 ft. The top in the center of the

. photograph is a "mere" 39,000 ft.

There are wave patterns between these two convective

turrets, propagating along the stable trpopause with a

wavelength of approximately 1 to 2 km. Without a higher

resoluticn proluct, even these relatively coarse features

would not be readily apparent on the 2 km resolution GCES

products.

E. OBBIT 48

On its 48th orbit, at approximately 1516 ;NT, 9 April

19 4, the shuttle again passed close enough to the squall

line to capture an oblijlue view of the storm. Radar returns

indicated that tLe lice of storms was nearly over Tampa Bay,

and that the maximum recorded cloud top was up to 49,000 ft.
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The location of the largest cell ha4 moved closer to Tampa,

but had retained its position in the line (see Fig. 22).

DESP images, both visible and infra-red, were available

to cover this time period. Fig. 23 is a 1521 GMT visible

image of 2.7 km resolution. Higher resolution DMSP images

were not available fcr this area at this time. Due to a

higher zenith angle of the sun than in earlier images, most

of the cloud top structure has been lost. There is a faint
* shadow (visible on the original data, but not on this

: smaller-scale reproduction), however, delineating the posi-

tion of an overshooting convective turret in roughly the

.* same position as the massive thunderstorm doze shown so

. clearly in Figs. 19, 20 and 21. This is in itself remark-

." able tecause it means this feature has persisted for aore

than threq hours, far beyond the average thunderstorm life

. of 90 in.
Faint cloud streets are visible across the island of

Cuba, indicating that the strong low-level flow still
remains at this time. As in Fig. 18, guantitative inforaa-
tion is lost by the lack of resolution: many of the streets

are not visible, and those that are visible do not show

* their full extent. A thin bright line extends southwest from

the tip of the squall. It indicates shallow convection

continuing Zar to the south of the thunlerstorms, along the
- line established by the storms. Identifying individual

" features in this line or in the stratus deck surrounding it
- is impossible. The solitary cloud elements that make up the

- line are too small to be resolved individually ly this

imaging system.
*- Fig. 24, the 1521 GMT infrared image, confirms that the

streak is composed of individual cumulus cells, diminishing

in size to the southwest. Little more can he gained fror

the information it presents. Its coarse resolution causes

the cloud tops of the s4uall line to appear as a solid white

mass.
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, ll of these features are set in perfect perspective in

Fig. 25, taken on orbit 48 with a 100-mm lens. This shuttle

photograph was taken at approximately 1516 GNT on 9 April,

nearly simultaneously with the DRSP images in Figs. 23 and

*. 24 . Yet compared to DRSP, which shows only a vague stratus

*layer in both siles of a diminishing line of cumulus, Fig.

25 places precisely every cumulus buildup and its relaticn-

- ship to cther cloud formations around it. Only the brightest

tops show in the DHSP products, while every small-scale

luildup in the line as well as that occurring in the strato-

cumulus on the sides of the squall line, are clear in the

shuttle Fhotograph.

Of interest in this figure is the extent of the prokaga-

* tion of gravity waves visible in the stratus south of the

siuall line. Distinct wave patterns perpendicular tc the

*. line of thunderstorms, are plainly visible (in the original

*-i data) at a distance of more than 150 km from the rearest

* cumulonimbus. As a mechanisa for triggering the development

of other thunderstorms, thunderstorm outflcw boundaries have1

been the suLject of much interest in the scientific cozzu-

nity in the past feb years. Could this outflow have the

- power to both create a stable layer for propagation (the

meso-high discussed earlier) and then impel gravity waves to

Ctravel along it for this distance?

Tn this last figure, all the signs of a zlassic cold-

*front sqall line are illustrated. Cloud streets reackiing

all the way" from Cubs attest to the strong low-level inflow

from the south, constantly resupplying moisture to the

* convective system. Cumulus towers along the tack edgje of the

- line show that the low-level inflow slo-es toward the back

* of the line as it mcves upward, Irawn into an explosively

* unstable environment. Cirrus blowoff streaming west-

. southwest points out the strong shear between upper ani

lower-level wind directions, while a small rim of cirrus
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stretching westward completes the scenario of an updraft

sloping from east tc vest, reaching the stable tropopause

and mushrooming out against the predominant wind flow at

that altitude.

" F. CONCLUSION

The important factors that undernined the usefulnesS of

these photographs were lack of recorded time of exposure,

lack of identifiatle land features and an inability to

deterzine camera angle relative to an Earth vertical axis.

Since this mission (STS 41-C), provision has been made for

times to be imprinted on each roll of film as the exposure

is made, but there has been no attempt to record camera

angle.

This case study concerned the development of a squall

* line, and succeeded in illustrating its 3esoscale structure

from the intense low-level inflow to the cirrus blowof£. It

* tended to confirm a concept concerning organized severe

t thunderstorms that specifies a tilting updraft, with the

highest convective turrets occurrinj at the back of the

squall line. It also provided a detailed look at very small-

- scale gravity waves propagating along the stable stratus

layer at the base of the thunderstorms, and provided aeas-

ured values for wavelength and horizontal extent.

Ccmpared to visible and infrared satellite images, the

photographs provided far more detailed height differences

between cloud layers, and yielded a useful estizate o2

overall height from cloud shadow measurements. It also

.- provided clear images of cload height and structure in cases

* where infrared images were vague (e.g., in the case of thin

cirrus). Be-cause very high resolution D.ISP images were not

* available, corparisons with relatively low resolution (2 and

2.7 Ia) imayes resulted in a predictable advantage for the

32

E"~



shuttle photographs. But even very high resolution meteoro-

logical satellite images do not have these significant

advantages: oblique sensor angles, color imagery, and1 most

importantly, human judgement.

Regardless of individual merits, none of the meteorolo-
gical satellite images are able to give the details of
mesoscale thundersorm dynamics as the shuttle photographs.

*As a teaching tool for mesoscale dynamics, the photographs
would be invaluable.
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A. INTRODUCTION

In April 1984, Hurricane Kamisy brought 110 kt winds to

the island of Hadagascar in the Indiani Ocean. Kamisy's winds

reached a maximum of 135 kt in its mature stage, at which
point its spiraling outflow bands spanned nearly 1000 n mi.

* For five days, covering a period from initial rapid develop-

ment to loss of- hurricane status and final dissipation, the

Space Schuttle Challenger (ST S 41 -C) orbited overhead,

* providing an outstanding series of photographs of the life

* and death of a hurricane.

Fig. 26 charts the shuttle's orbital path (moving from~

* left to right on the chart) and Kamisy's repocted positions

at 12-hour intervals, taken -from warning )ositiLons issued by

*the joint T-,phoon Varning Center (JTWC) at Guam. A list of

corresponding wind intensities is availa.'-Ie in Table II.

T1he earliest availaLle indication of Kamisy's inception

dwas from Tiros-N polar hemispheric mosaics (National Oceanic

and Atmospheric Administration, 1984). Cyclonic circulation,

*organizing widespread convective activity, was evidert on

the 0220 GX. £4 April 1984 satellite image. By 3313 GM!T on 6

April, a Tropical Cyclone Warning had been issued by J~C
The 0600 GdT warning position put Kamisy at 12.8.q, 65.0E

(about 900 fl mi east of the northern tip of iladagascar) ,

with winds estimated at 65 kt, qusting to 80 kt. Movement

over the previous six hoars was reported as 27-1 deg at 9 kt,

and the radius of 50 kt winds was estimated at 50 r. mi.
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B. APRIL 7TH

The first usable views of the developing hurricane

(earlier photographs exist but they are either too oblique

or at too great a distance to be useful) given by the shut-

tle's cameras were taken at approximately 1157 GAT 7 April

1984, on the shuttle's 15th orbit. A Hasselblad camera with

a 100-mm lens was used for Fig. 27, from an orbital position

slightly northeast of the storm. The shuttle's altitude on

orbits 1 to 16 was approximately 125 n mi (this increased

to 269 n mi after the 16th orb't in order to complete the

Solar lax repair). By this time Kamisy had moved almost

directly vest from its last warning pustion to 12.6S, 58E.

Baximum winds had increased to 80 kt gusting to 100 kt, and

the radius of 50 kt winds had increased to 70 n mi.

The eye in the phctograph is well developel and plainly

visible, almost perfectly circular and approximately 9 ka

-i across (distance across the image is roughly 136 ka--see

Table 1). There is a ring of convective turrets circlini it

" on three quadrants, with an akproximate diameter of 23 km.

Beginning low in the southwest quadrant, the turrets are

"" large (diameter of 1 to 2 kin) and widely spaced, becoming

progressively smaller and more numerous in a counter-
• clockwise direction. A thin, smooth cirrus layer is apparent

* extending a short distance inward from just below the tops

* of these turrets, masking the true position of thE evevall.

A series of waves appears to emanate concentrically from

' the eyevall into the southeast c uadrant, ending at a point

where they intersect with Kamisy's main outflow channel.

Scaling the distance from crest to crest against the known

distance across the image gives a wavelength of approxi-

mately 3.4 km. This compares very closely with measurements

d. done by Black (1977) on several tropical storms. He found

wavelengths of 1.5 to 12.4 kin, with a peak at 2.2 km. "here
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also appears to be a wave pattern extending radially for

more than 30 km from the circle of convection surrounding

the eye. It occurs in the northwest quadrant and has an

approximate wavelength of 4.5 km.

Structure and location of a hurrizane's outflow channels

are controlling factors in their develoment or dissipation.

When the air rising in the eyewall reaches the strongly

stable region at the tropopause, it is forced outward from

the center, usually in one or two cyclonically curving jets.

Spinning in a cyclonic motion, conservation of angular

momentum forces a rapid decrease in their cyclonic rotation

as the air moves away from the center of the storm. At scme
-* point (usually around a radius of 300 ka), they will acquire

an anticyclonic comionent (Anthes, 1983). These curving

jets (the outflow channels), control the rate of mass evacu-

ation frcm the top of the hurricane. By this mechanism they

*. can either enhance the updraft and contribute to hurricane

intensification, or cap the updraft dnd cause the storm's

eventual dissipation. Olv traces of Kamisy's extensive

" outflow channels can be seen in Fig. 27. To the north and

extending outward to the northwest is the main char.nel,

while the second starts directly south of the eye, and

rapidly sweeps off to the southeast. This structure will

.. become more apparent in later photographs and satellite

images.

The only other convective activity apparent in this

-hotograph occurs approximately 55 km nottheastward from the

eye, in the main outflow channel. Fig. 28 is another view

of the storm taken just seconds prior to Fig. 27, but with

a 250-am lens. Distance across the image is just 54 .5 km
(see Table ), and in this case the camera appears to be

positioned almost directly above the eye. This is supported

by t .e crew's opinion that the shot was near vertical. 7here

." are iifficulties when attempting to pinpoint the position of
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the camera vertically above a feature on the ground, as
previously mentioned. Without precise timing of the photo-

graphs and an indication of the camera angle relative to

vertical, this has to be relegated to the category of an

educated guess. If it is accepted for the moment that the

camera appears to be directly over the eye, it would also

appear. that the eye is somewhat tilted to the west or south-
west. An interesting correlation is that the area of least

convection surroinding the eye occurs to the west, and, as

we shall see in the following photographs, retains that

orientation for the rest of its recorded existence. It
should be remembered that the direction of motion of the

storm at this time is also toward the west.

7n Fig. 28, we car see the interior structure of the
eyewall itself. Huge scooping slices out of the cloud mass

of the eyeall attest to turbulent entrainment caused by the

downward rush of subsiding air throiyh the center of the

storm. And down to the smallest cumulus buildups, every part

of the low-level inflow is cyclonizally organized.

Black (1977) documented several instances of recorded

eyewall tilt, most notably in Skylab photography of

Hurricane Irah in the eastern Pacific Ocean on 24 September

1973. He concluded that tilts of 45 degrees are fairly

common, especially at altitudes above four kilometers. Irah

differed from Hurricane Kamisy in several important aspects.

First, tie observed tilt reached 45 deg on Irah's west side,

an, Famisy's tilt is barely recognizaole. 3econi, the wall

cloud diameter for Irah was approximately 35 km at its top,

tapering down to approximately 15 km at its base. The top of

Kamiisy's wall clou.1 had a diameter of less than 10 km.

Still, there was one very important similarity: both eyes

tilted away from the region of most intense convection, and

it seems, towards the direction of motion.
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The issue concerning tilt in the vertical structure of a.
tropical storm is an intriguing one. Anthes (1983) states
that the main driving force in tropical storm development is

the release of latent heat in intense convection. It could
Le argued that for a tropical storm to reach hurricane

intensity, a tilt is necessary for the same reasons given
for severe thunderstcrms: updrafts in coapetition with down-
drafts can only hamper intense convection, and result in

-storm dissipation. In the circular stracture of a hurricane,

however, a tilt would enhance convection on one side of the
* circle (opposite the direction of tilt) , and necessarily

discriminate against convection on the other (towards the
direction of tilt). There is some evidence of this structure

in Fig. 27.

_inety-four min after orbit 15, at approximately 1330
1330 GMT, the shuttle made another pass over the Indian

Ocean on orbit 16. Fig. 29 was taken with a 100-mm lens,

from a position approximately 600 n mi southeast of the
center of the hurricane (see Fig. 26). It offers an oblique
perspective that covers a much greater area than the pre-

Sceed ing photographs, facilitating comparison with other

"- sources of storm imagery.

The main structure of the storm is shrouded by a streaky
. cirrus laver that graphically displays the upper-level
- outflow pattern, but several observations can still be made.

The ring pattern of overshooting convective turrets is wider
and Letter organized alOLg the outflow lines, indicating
continued development of the storm (Anthes, 1992). The area

of. least convection is still predomiaantly to the west, in
. line with the direction of movement. Visible beneath the

outer edges of the cirrus are mid-level cumulus clculs,

implyinq a significantly deep moisture layer and a very
. unstable surrounling environment. Clasters of thunderstorms

are visible on the kerihery of the storm to the southeast
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and northwest, and a broken pattern of shallow concentric

waves about the eye is still apparent. In another case study

by Black (1977), similar waves ranged from 3.0 to 4.2 km in

wavelength, and occurred solely on the eastern semicircle.

Assuming that their movements were also to the west, the

similarities would lead us to speculate upon a connection

between intense convection, gravity waves and the direction

*. of movement of tropical storms. The overall appearance of

the storm canopy is that of a flattened dome, declining in

.* height at the outside edges in a series of wide, shallow

steps.

Fig. 30 is a 1205 GMT 7 April 1984 blowup from an AVHRR

(Advanced Very High Resolution Radiometer) visible-light

image provided by the NOAA-7 satellite. Data from the AVHRE

instrument are available in both 1. 1 km and 4 km reEolution,

in two operational modes. Unfortunately, the 1.1 km resolu-

image is not available for every location around the globe.

the globe. 'ecause cf this restriction, in this chapter all

of the AVHRP images are of 4 km resolution.

The most striking difference between the shuttle Fhoto-

graphs and this figure is the homogeneous look of the cloul

tops. TLe central area of the storm appears s2ooth, with

* little apparent difference of cloud top height from the

center to the periphery. Any indication o2 a ring of convec-

. tion surrounding the eye is lost. Only the massive buildups

*to the nortiwest and southeast within the outflow channels

are appareit by faint shadowing and cloud-top brightness

- variations. a visual estimate of how far these buildups

- exceed the height of the surroundinj cloud layer is inpos-

" sible. Any gravity waves emanating from the eye of the storm

are also lost to the coarser resolution of the satellite,

and the structure olf clouds within the dye itself is pcorly

observed. It is fortunate that the hurricane was centered

in the field of view in this image. Examination of the image
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only several deg latitude away from the center show the main

drawback to AVHRR imagery: a loss of resolution along both

edges of the scan line. If the feature of interest is more

than a few leg from center, the obliquity of the sensor

*angle reduces resolution because of a fixed scan line.

Fig. 31 is a DISP infrared image of 2.7 km resolution.

Taken two hours later at 1405 GMT, it shows the same main

features of Kamisy, but in a sharply degraded form. D.ISP

0.3 km resolution imagery, which should compare very favor-

ably with the shuttle photographs, was not available for
* this case study. One significant advantage D4SP has over

SAVHRR is that it modifies itself along each scan line to

give good resolution edge to edge. But in this example, only

infrared images were available for comparis3n, ani any

advantages DRSP enjoyed compared to AVHRR were lost for this

.. reason.

The large eye is still quite obvious, but indicated only

? y a smooth black circle of no apparent depth. The outflow

channels to the north and south stiil show large cumulus

iuildups, lut the toss are represented as featureless white

blobs. The heights of various cloud layers remain Cuestion-

able: namely, are the gray shades lower than the white, or

*are they merely a result of thinner cloud layers that emit

IR poorly?

C. APRIL 8TH

Fig. 32 was taker at approximately 1128 3GHT, 8 April

~ 1984. The shuttle's 30th orbit passed nortL of the storm,

and this frame was taken as the spacecraft passed approxi-

mately 200 n mi to the northeast (see Fig. 2E). The eye was

located at 12.PS, 52.OE at that time, about 100 n mi east

,. of the northern tip of Madagascar. Maximum winds were listel

by JTVC as an estimated 100 kt gusting to 135 kt, and the
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radius of 50 kt winds was essentially unchanged from the

previous report.

he eye is still plainly visible, but appearing smaller

and less circular. A dense cirrus shield covers most of the
dome, signaling that Kamisy has reached its mature stage.

The overall shape is almost completely symmetrical, with

extensive outflow channels multiplying in number to the

north and south. On the western side, and extending to the

south, a line of Jeep convective activity oriented beside

the main outflow channel produces the only break in the

cirrus shield, with subsidence-induced clearing visible on

both sides of the line of thunderstorms. Every overshocting

top is precisely locatable, anI if a stereophotograph had

been made, the heights of each one relative to the storm's

cirrus level would also have been known.

Only seconds earlier, a second camera with a 250-mu lens

recorded Fig. 33: a close-up look at the eye. The eyevall

appears to have "caved-in" towards the center, and the over-

shootin turrets have disappeared. The oblonj shape of the

eye measures approximately 23.4 km in the north-south direc-

tion, and 11.7 ka ir. the east-west direction. Only a faint
trace of the radiating wave pattern seer. in earlier photo-

graphs is left. The enlargement of the eye and its loss of

circular shape is confirmation that the storm has reached

its mature stage and has begun to dissipate.

The AV..HRR visible image (Fig. 34) from 1153 GMT 8 April

1934 captures Kamisy on the edge of the image. The reader

should note: the reference 4 km resolutioL refers to an area

within a few deg latitude from the satellite subpoint. When

an interesting feature lies 7 or 3 deg latitule from this

this point, as it does here, image luality is degraded. From

this figure we are able to locate the eye and identify some
large cumulus buildurs near the outflow channel to the

south, hut very little else can be gleaned ajart from the
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overal size and share of the storm. We are aided by the

grid points for latitude and longitude, and the outline of

nearby land masses to gain a sense of perspective, but

comparison to the shuttle photograph is difficult.

The DNSP IR image from 0714 GUT (Fig. 35) is superior

in some respects. It does manage to indicate the depth and

structure of the eyewall, hinting at a tilted structure of

very definite shape. Since this image was produced nearly

* five hours earlier than the others we have discussed, the

eyewall deterioration is not yet visible. Coarse resolution

in the IR, however, makes determination of the difference

" between thunderstorm tops and the surrounding cirrus very

* .difficult.

D. APRIL 9TH

It was a full twenty-four hours later that the next

photograph of Kamisy was taken. Fig. 36, taken on orbit 46

on 9 April at 1239 GMT, shows Kamisy's dissipation. Four

large outflow bands can be identified, and their diffuse

structure testify to Kamisy's weakening state. The eye

cannot be located. Re mu'st assume a position somewhere in

the center of the central dense overcast (CDO). This over-

cast is the result of old convective clouds and patches of

layered clouds taking ap the spaces between convective
updrafts. Cirrus remnants (from the strong upward flux of

water that occurred when the intense convectioL in the

central portion of the storm was at its maximum intensity)
also tend to smooth out the observable cloud features

(Anthes, 1982). .cst traces of surrounding convective

activity are losing definition and organization. Mid-Level

clouds under the thin cirrus at the outside edges of the

. storm are again visille, and show markedli less organization

* and convective form than two days earlier in Fig. 29. The
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astronaut's choice of an oblique angle and 100-n. lens

provided a comprehensive look at the structure of Kaaisy's

demise.

Tropical Cyclone Varning NR06 from JTWC, Guam, confirms

this conclusion. Saximum sustained winds had dropped to 85

kt from a peak of 110 kt the day before, and the radius of

50 kt winds had decrease from 70 n mi to 30 n mi. The storm

made a brief land fall at the northern tip of Madagascar on

the 9th, ani in the next tventy-four hours continued west

over the Sozaabique Channel.

Comparison of the 9 April shuttle photographs with AVHRR

and DNSP images follows a pattern similar to previous days:

AVERE. losing detail on the edges, and DMSP fairing poorly

because of the lack of availability of a visible-light

*image. Fig. 37 is an AVHRP visible-light image produced at

" 1322 GKI 9 April 1984. In it, Kamisy's entire eastern half

loses resolution as a consequence of being too far from the

° " satellite's subpoint. Yet Lecause of the loss of image

*quality caused by reproducing the shuttle photographs, AVRR

in this instance appears to be comparible in letail to the

shuttle photograph in Fig. 36

However, dissipation of the storm is apparent here too:

the center of the storm has essentially the same appearance

as in the shuttle photograph, but only by virtue of the lack

of definable features occurring in the smooth CDO.

Convective turrets, jiercing the smoath cirrus canopy, are

*also visible to the north of the center, but individual tops

are Ilurred, tending to merge several into a few bright

d dots. low-cloud orientation below the cirrus in the

periphery of the storm is impossible to define. Even the

4. existence of clouds not part of the upper-level circulation

is Lot apparent in this image.

A comparable DMSP IR image is available from less than

two hours later than Fig. 37. Fig. 38 wds taken at 1504 GIT,
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and again offers far less detail than that from the NOAA-7

satellite. Location of the center of the CDO for accurate

positioning of the storm becomes very difficult compared
to the other images because of the complete lack of apparent

depth depicted in the cirrus overcast. What may be a weak
eye is seen on the western side of the cloud mass. But with

only this data, postulating the existence of massive cumulus

buildups north of the center of the storm only could be

• .regarded as speculaticn.

For the next two days (10 and 11 April), there are no

shuttle photographs cf Hurricane Kamisy. From satellite

*: images and storm bulletins we find that the storm started to

,* redevelo; once it left Madagascar for the waters of the

iozamLiaue Channel, and by the 11th had started to turn

southeast, back towards the northeastern coast of

Madagascar.

E. APRIL 12TH

'he next series cf photographs came from orbits 92 and

93, on 12 April. All three photographs appear to have beer.

taker of Kamisy from a shuttle position either directly

overhead the storm or distinctly northward. Because the

photographs bear little resemblance to the available D'ISP

and AVRHE images, a catalog of observations was consulted

(Nowakowski and Palmer, 1984). Kamisy was identified as the

subject of the photographs.

Investigation of the position of shuttle orbits and a

Tiros-, strip produced at 1245 GMT 12 April 1984 indicate

that the vortex is not Kamisy, but a very large cyclone

positioned approximately at 30S, 40E. It was rot listed as c

develcping tropical storm in warnings published for the

period by JTVC. Apparently it never became severe enough to

attract attention. The three photographs (Figs. 39, 40 and
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41) are included because they may be of some interest to

other researchers and because they are still an excellent

illustration of the value of high-resolution photography

-. from space.

. Fig. 39 was taken with a 250-mm lens on orbit 92 at

approximately 1330 GET 12 April 1984, and offers an oblique

view of the storm. The shuttle's position appears to be to

the northeast. The other two photographs were taken on the

next orbit (orbit 93) at approximately 1510 GHT, when the

shuttle passed almost directly over the center of the storm.
- Fig. 40 was also a rroduct of a 250-ma lens, but here it

provides a close-up view of the center. There is no distin-

- 4uishable eye in either of the photographs, but a very

distinct center of low-level cyclonic motion. Directly east

of the center at a distance of approximately 60 n mi, a

.. massive convective turret is visible, with waves radiatin5

* "concentrically from its center in a manner similar to those

emanating from Kamisy's eyewall. To the south and southeast

of the center of the storm, gravity waves of an extremely

-'. short wavelength (less than 1 kin) radiate in a pattern seem-

*- ingly unrelated to the center of the storm. In one case they

appear to extend alcng the main flow lines (directly south

. of the center), and in another they form perpendicular to

" the flow (southeast of the center). The origin cf these

" waves is not easily deduced.

As the shuttle moved away fron the storm to the east,

one last photograph was made, this time with a 50-mm lens

" that allows us to put the storm into perspective witl the

.o- surroundig circulation. The wide-angle lens lacks the reso-

lution cf the 100-mm and 250-mm lenses, and as a result the

• .- fine detail in the center of the storm and the gravity wave

patterns disappear, leaving only relatively large-scale

features visible. But even here, the height difference

letween various layers of clouds is distinct, and identi-

fying cloud types and their distribution is positive.
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P. COICIUSIOI

The advantages of higher-resolution photography Zrom
space are well-illustrated in this case history. The ease of
locating particular small-scale features, an3 the accuracy

dof making height estimates relative to other cloud struc-
tures is of particular benefit. Small-scale features such as
gravity waves, hurricane eyewall features, individual

cumulus turrets, stratiform cloud configuration, and precise

information of the location and condition of the eye itself,

not only give information about tropical storm dynamics in

the mesoscale, but in some cases define the lar3e-scale

* circulation to a degree beyond our current ability.

Several similarities to Black's (1977) results were

noted. The structure of the semi-cir-le of intense convec-

tion surrounding the eye, and its relationship to eyewall

tilt were of primary interest. The recorded gravity waves,
propagating across the top of Kamisy's stable cirrus dome,

* conform almost exactly to those seer. in several of his case

studies in both wavelength ard orientation. What was not

observed was any indication of a large circular convective

cloud feature, but this may have been due to the large

"- temporal spacing of the photographs.

For the teacher, it is a superb set of nearly three-

' dimensional illustrations of developing and dissipating

trop.ical storms. For the researcher, it adds to the avail-

"* able data concerning eyewall tilt, and provides measuraLle

length and height scales of mesoscale tropical cyclone

*" structure. For the fcrecaster, it would be invaluable for

post-storm analysis and forecaster training. Beyond ilius-
" trating eye formaticn and collapse over the lifetime of a

tropical storm, and beyond providing exact eye location even

vwen the storm is covered in dense cirrus overcast, these

pictures prcvide a total picture of the storm in wtich the
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entire structure is visible, allowing the forecasters to

better interpret the subtleties of DMSP and VHRR images.

Also, were these photographs to be made available in stereo-

pairs, individual cloud formations could be isolated to

common levels. Combined with continuous satellite coverage

of the lovement of these cloud features, the large-scale

wind pattern could be precisely defined. This has been

acknowledged to be a vital piece of information for hurri-

cane forecasters (Anthes, 1982).
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V. lHE hIUh ie L XMo

A. INTRODUCTION

On 25 March 1984, Mauna Loa, the world's largest active

volcano, erupted with its biggest lava outpouring in nearly
- 35 years. According to the IftX YoI j=2s published on that

• "date, eruptions consisted of a curtain of flame reaching

approximately 150 ft high (observations were made by members

of the United States Geological Survey's Volcano

Observatory), and continued for twenty-two days. On March

.. 30, the Times reported that a second volcano lass than 20 mi

away had joined Mauna Loa. With fountains of la.va generally

less than 100 ft high, Kilauea's eruption spouted from a

250-ft-high cinder cone that had been building for several

* days. Radical weather changes were soon noted. The immense

" heat, along with copious amounts of smoke and volcanic lust

injected into the atmosphere, resulted in unseasonable

thunder, liyhtning and even snow.
The 13,677-ft-high Mauna Loa is located on the island

of Hawaii (see Fig. 42), the largest island in the state.

Kilauea is at the 4000-ft-level on the southeast slope of

' Mauna Loa. Although both eruptions were minor in size

. compared to previous events, the large amount of dust and

•. smoke introduced into the atmosphere during their twenty-two

days of activity will serve well to illustrate a unique

* value of shuttle photography.

* B. MEASUREEENTS

'aBy April 12, Mauna Loa had been in continuous eruption

for nineteer days; Kilauea for fourteen. By then, the Space

Shuttle Challenyer had photographed 3awaii three times: on
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orbits 21, 37 and 96. The photographs in Figs. 43, 44 and

* 1j5 reveal evidence not only of the expected volcanic smoke

plumes, but also of a dense pall of smoke (and to a lesser

amount volcanic dust) steadily accumulating in the lee of

the island.

'; Qualitative measurements of this dense aerosol cloud

conceivably could be of interest to meteorologists in

several fields. kir pollution meteorologists could compare

the spatial and temporal scope of this natural manifestatior.

* to manmade pollution in many parts of the world. Satellite

meteorologists could compare variances of satellite-detected

upwelling radiance from clear areas and those contaminated

, by the volcanic aerosols. Bounlary-laj er meteorologists

could determine how atmospheric turbidity measurements are

affected by unusually high levels of aerosols.

But common to all of these scientists' goals is the neee

for accurate measurment of the amount (density) of the aero-

sols present in the area being studied. It is here that the

increased resolution of photography, from space shows its

value.

Determination of aerosol amounts from space by two

*. common means--contrazt reduction calculations and brightness

* ameasurements--are facilitated by space shuttle photoraphy.

. As explained by Kaufman (1979), reduction of contrast due

to atmospheric extinction is a function of aerosol amounts,

*" and can be represented in its simplest form by the follcwing

definitions:

C = (I()-I(2))/I(2) = contrast between

surface (1) aad surface (2).

C(a) = apparent ccntrast (as seen from space).

C (i) = inherent contrast (as seen near the object)

-/(i) = C (a) /C (i) = change of contrast due to

atmospheric influences.
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C (a) measurements are highly sensitive to the placement

of the boundary between 1(1) and 1 (2) . Since the shuttle

photographs serve to more clearly establish the location of

boundaries (such as the coastline boundary between lane.

areas on open ocean), often even through dense haze or

smoke, it can contribute significantly to the accuracy of

the contrast reduction calculations.

Brightness measurements have been used to calculate

atmospheric turbidity (aerosol optical depth) in several

studies (Norton, et al, 1982; Hering, 1981; Koepke and

Quenzel, 1979). A limiting factor to accuracy common to all

of these works is the inability to properly identify small

.- cumulus in the subject area (brightness values for an area

contaminated with the inclusion of highly reflective clouds

would necessarily be biased towards higher values). In a

study of the optical thickness of Saharan dust by Norton, et

al (1982), the problem is explained; "...a more serious

problem is distinguishing between clouds and dust.... Here

there may be small clouds (primarily trade cumulus) which do

not fill tLe sensor's field of view or thin clouds of

*. optical thickness comiarable with that of dust."

In general, the measurement of turbidity is straightfor-

ward. However, the judgement of a meteorologist is needed

- when selecting a representative digital count. The presence

of small clouds, and thin clouds like cirrus, must be

S.letected. It is here that the higher resolution of the space

* shuttle's photography would prove a distinct divantage over

commonly-used sensors of 1 or 2 km resolution. In many
.. cases, small cumulus on the order of hundreds of meters

" would be individually definable, and thin cirrus cuite

visible. This is vital for the next step: digital counts
*" are selected from apparently cloud-free areas of at least 15

. lines and elements. A representative digital count is then

K selected from a frequency distribution of digital counts for
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the selected area. Because of the possibility of cloud
contamination and inherent noise characteristics of the
data, schemes for picking the best digital count from the
histogram must be evaluated for the most consistent results.
A computer then converts the selected digital count to a
value of turbidity. (torton, et al, 1982)

C. CCUCIUSIOI

The increased spatial resolution of shuttle photography

not only helps the observer to eliminate areas contaminated

by small clouds that may not be visible to other sensors,

but provides a greater number of data points for determina-

tion oi brightness variations across a given area.

High-resolution photography from the space shuttle can

1)e o' great value to any study of aerosol concentrations,

whether influenced by man (brush fires, burning of fossil

fuels, contrails, ship trails), or natural (dast generated!

ly wind, naturally induced forest fires, marine areosol,

smoke generated by volcanic activity). As demonstratel by

Eanderson (1977), air pollution studies, estimates of

thermal energy release in a volcano cortrail ger.eration, and

horizontal and vertical eddy diffusivity are tut a few of

the specific uses of this resource.
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vi. .OQL& SION; L RECORNAZDATIONS

A. CONCIUSIONS

In the three case studies presented here, examination of

mesoscale features made visible by high-resoluticn phctog-

raphy frcm space has provided information on new and unusual

phenomena, and brought additional insight to the well-known.

M Heteorological satellite images, while certainly not

replaced by this photography, can be supplemented by it to

refine present analysis techniques and more fully understand

the small-scale dynamics of the features under observation.

For the teacher, it has provided a combination of

obligue views and extreme d-etail that can take the student

* far leyond line drawings and into a, understanding of real-

world weatker systems. in Chapter 3, photographs of the

squall line in the Gulf of Mexico beautifully illustrate the

higL-speed low-level inflow, the tilted vertical structure,
- the upper-level outflow pattern and the surface effects of

thunderstorm outflow that take place in thousanis of severe

thunderstorm outbreaks every year.

For the forecaster, it has proved the worth of extreLelj

high-resolution imaging not only for precisely lczatin,

*. storm features (vital to hurricane forecasts), bit for

recognizing the current state of those features (e.g.
eyewall size and shape). Tt has also served to introduce the
possibility of other controlling factors in hurricane move-

ment (regions of intense convection and eyewall tilt), or at

least the need to lock into this area further. And in combi-

nation with continuous satellite coverage, the ability to

map the large-scale wind field around storm systems becomes

a practical analysis tool. Of course, no real-time data
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would be available. These products would be valuable only

for post-storm analysis and forecaster training. Yet this

could prove the desirability of adding continuous hijh-

resoluticn imagery to the forecaster's set of tools.

But it is for those in meteorological research that this

program holds the most promise. Shuttle photography irtro-

duces precise height and length scales for such small-scale

phenomena as gravity waves, overshooting convective turrets,

shallow cumulus cloud streets and volcanic smoke plumes.

more precise aerosol measurement is made possible by elimi-

nating areas contaminated with small clouds other sensors

can't accurately show, and by more precisely positioning

contrasting area toundaries in adverse conditions.

Refinements to cloud height estimates made from infrared

images can be made by the use of stereophotography, as well

as final determination of height and structure of anoaalous

gray shades. In short, it fulfills one of the prime require-

ments in a reasearcher's work: greater accuracy.

B. RECONNENDTIONS

Improvement of the space shuttle photography program can

he approached from two sides. The first is making it easier

for the astronauts to get good pictures. The seconl is

making it easier for scientists on the ground to precisely

lefine orientation of the camera relative to the Sround and

to determine the ground area covered by each photograph.

The astronauts currently manipulate several pieces of
photographic equipment in a space-limited cockpit, and try

to take pictures through a small window that imposes a

limited field of view. At low altitudes (e.g. 225 km) the

observation time available of a feature on the ground is

only roughly 5 t3 20 sec (Terry, 1979). Furthev, the possi-

bility of reflections of the lighted cabin appearing in the
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photographs has been confirmed with several mission's worth

of photographic data. One recommendation is to move the

cameras to a gimballed pod in the cargo 'bay that can be

remotely controlled by the astronauts in the cockpit. Aiming

and triggering the exposures could be accomplished by refer-

ence to a television screen inside the cabin, connected to a

televisior camera attached to the pod. The television camera

could be oriented and adjusted to give the same image in the

cabin that the cameras would see for their exposures.

Remote control offers the possibility of ground ccntrol
of the photographic process while the astronauts are other-

wise occupied. This is important because if a potential
. photograph is missed because of the imposition of other

-. ~duties, simply waiting for the next orbit can not recreate
the photographic opportunity. The shuttle moves approxi-
mately 23 deg farther west (at the eguator) on every orbit.

"" Nearly twenty-four hours must elapse before the shuttle is

" nearly (not exactly) over the same position. In additicn to
the slight change of position, few atmospheric features

-.. would remain unchanged over the twenty-Thur hours it woul

take for the shuttle to return. The option of a clock-
controlled time sequence should also be available, as well

as a precisely-timed ( 0/- 0.1 sec) automatic exposure
interval to facilitate stereophoto.,raphy.

of benefit to analysts on the ground would be the addi-

tion of a recording device that would not only record the
- time of each exposure (as is currently done), but also the

angle of the camera relative to the shuttle's vertical axis.

" A computer program would then be devised to compare the
shuttle's attitude to an earth vertical axis, and the angle

of the camera to the Earth's surface could be resolved.

This, in combination with a knowledge of orbital path and

precise time of exposure, would make possible the creation
.Aof latitude-longitude grid overlays for any photograph
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worthy of study, and would finally resolve any questions

produced by observations of cloud structure.

Finally, quality of the photographs would be enhanced by

removing the cause of photographic reflections and by making

it easier for the astronauts to locate and recognize

features of scientific interest. It might even be possible

to add a video display of shuttle movement over prominent

land features to aid the astronauts in gaining a physical

' orientation for the features they are otserving through the

windows and on the screen. As mentioned by Terry (1979) in

comments upon the Akpcllo-Sovuz mission: under less-than-

* optimal conditions, sometimes it is a choice of an astronaut

" either seeing the feature or taking a picture, and losing

"" the benefit of one or the other by that decision. Utilizing

these recommendations, both should be possible it all times.
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TIBUSE

TABLESI

TIBLE I

Hission Data for STS 41-C

Launch: 6 April 1984, 8:58 a.m. EST
from Kennedy Space Center, Florida

landing: 13 April 1984, 8:38 a.m. EST
at E war s Air Force Base, California

Orbits: 107

Vehicle: Challenger (OV-099)

Altitude: 269 n ui
(Photographs taken on orbits 1 through 16
are frcm an altitude of approximately
125 n mi.)

Inclination: 28.5 degrees

Crew: Commander, Capt. Robert L. Crippen, USN

Pilot, Sr. Francis JR. Scobee
Hission Specialists

Mr. Terry J. Hart
Dr. George D. Nelson
Dr. James D. van Hoften

Groand Coverage: 566.8 x 586.8 km (50-mm lens)
(Orbits 1-16) (272.7 x 272.7 km)

292.4 x 293.4 km (100-mm lens)
(136.3 x 136.3 kin)

117.4 x 117.4 km (250-am lens)
(54.5 z 54.5 ki)

Grour.d esoiution: 213.8 m (50-m lens)
(Orbits 1-16) (99.3 a)

106.9 a (100-a lens)
(99.3 a)

42.3 m (250-mm lens)
(19.9 a)
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TIBLE II

Hurricane Rafisy, 7-13 April 1984

S _AT-_TI__ MIT) l MAX WINDS (kt)

06/0600 12.8Sv 65.OE 65 G80 (G = aaximum gusts)

07/0600 12.2S, 59.6E 80 G100

07/1800 13.OS, 56.0E 95 G115

08/0600 13.0S, 52.9E 110 G135

08/1800 12.5S, 51.8E 100 G125

09/0600 12.5S, 48.9F 90 G110

09/1800 13.1S, 46.5E 85 G105

10/0600 13.0S, 46.3E 75 G90

10/1800 13.3S, 44.7E 30 GI00

11/0600 14.8S, 45.32 83 G103

11/1800 15.25, 45.43 80 G100

12/0600 16.2S, 047.2E 60 G80

12/1800 16.5S, 47.2- 50 G65

13/0600 18.05, 51.2E 40 G50

13/1800 19.05, 50.7E" 35 G45
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FIGURES

FOCUSING RING

DIAPHRAGM RING

MANUA FILMSHUTTER SPEED RING

ADVANCE

FILM ADVANCE

INDICATOR

CONNECTOR

MODE SELECTOR SHUTTER RELEASE BUTTON

* Fig. I NASA-modified Hassoeblad 500 EL/K Camera
(lovakouski and Paior, 19804).
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FORWARD-STATION WINDOWS-

Pig9. 2 jocatijon q va ul in Shuttle Orbiter~NaxwianP er, ~4).

59



" '125OZ

(1 330Z
)( 1400Z

12

".200 Z

l'1200Z

345 Z
W )/1345 Z

A* 1 5 OZ

)( Funnel Cloud

-'Thunderstorm and
W wind

Hail

Fig. 3 Severe seather Obs., Florida, 9 Apcil 19841.
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*Fig. 14 GOB; ID: Gulf of Mexico Squall line
102-1 GMT, 9 Ipril 198'4.
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Fig. 15 Severe Thqnj erst or* VertiWa],Flair in x-z Plane
(Krop I an Miller, ~7)
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Fig. 18 GOE IlSIBL3: Gulf gf Bxico Squall Line
13IGHT 9 April. 151.
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Fi~1 20 rae2 134i Gulf of glexicQ Sqall Line

orflit 47, 1335 GET, April 19 4 (0- a lens).
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Fiqt 21 Fraae 2008- Gulf of gIexico Sguia11 Line
Or 1t 47, 1338 G1MTO April 1984 (250-mm lens).
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Fig. 23 DMSP VISIBLE: Gulf of Mexico Sjuall Line
1521 GMT, 9 April 1984.
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Fig. 30 E gIIIVISJBLEI: Hur canle Kamisy
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Fig. 32 Frame 1661; Kjjjjca n8 Kanisy, orbit 30
Fi-1128 GET 8 pri 1~' an-m lefs).
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Fig. 34 lAXPE VISIBLE: Huriicane Kamisy
* 11..iGH?, 8 April 1 4'.
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Pig. 37 AVHRR VISIBLE: Efurricafle Kamisy
1322 GHiTp 9 April 19843.
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Fig. HO Frne.188:ilanid of Eavtiie Orbit 37
GR, prl so8 (5ons)
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